Cell adhesion molecules have been implicated in the colonization of cancer cells to distant organs. Prostate cancer (PCa) has a propensity to metastasize to bone, and cadherin-11, which is an osteoblast cadherin aberrantly expressed in PCa cells derived from bone metastases, has been shown to play a role in the metastasis of PCa cells to bone. However, the mechanism by which cadherin-11 is involved in this process is not known. Here, we show that expression of cadherin-11 in cadherin-11-negative C4-2B4 cells increases their spreading and intercalation into an osteoblast layer and also stimulates C4-2B4 cell migration and invasiveness. The downregulation of cadherin-11 in cadherin-11-expressing metastatic PC3 cells decreases cell motility and invasiveness. Further, both the juxtamembrane (JMD) and β-catenin binding domains (CBS) in the cytoplasmic tail of cadherin-11 are required for cell migration and invasion, but not spreading. Gene array analyses showed that several invasion-related genes, including MMP-7 and MMP-15, are upregulated in cadherin-11-expressing, but not in cad11-ΔJMD-expressing or cad11-ΔCBS-expressing, C4-2B4 cells. These observations suggest that cadherin-11 not only provides a physical link between PCa cells and osteoblasts but also increases PCa cell motility and invasiveness that may facilitate the metastatic colonization of PCa cells in bone. Cancer Res; 70(11); 4580-9. ©2010 AACR.
Introduction
The cadherin family of cell-cell adhesion molecules are involved in all aspects of tissue morphogenesis, including cell movement and sorting into complex organization in tissues and organs (1, 2) . Cadherins, especially E-cadherin and N-cadherin, are also involved in the pathogenesis of various cancers (3) . Loss of E-cadherin and upregulation of N-cadherin, also known as the cadherin switch, has been observed in many types of cancers including prostate cancer (PCa; refs. 4, 5) . Because of their unique function in mediating cell-cell interaction, cadherin adhesion molecules are also postulated to play a role in organ-specific metastasis (5) .
PCa the has propensity to metastasize to bone and bone metastasis is the major cause of PCa-related mortality (6, 7) . Mechanisms leading to the preferential metastasis of PCa cells to bone are not clear. We hypothesized that cell adhesion molecules that mediate the interactions between metastatic PCa cells and osteoblasts, a major cell type in bone, may play a role in the metastasis of PCa cells to bone. We identified cadherin-11, also known as OB-cadherin, as one such adhesion molecule (8) . Cadherin-11 was originally identified in mouse osteoblasts and is involved in bone development possibly through its homophilic cell adhesion function (9) . We showed that cadherin-11 was highly expressed in PC-3 cell line that was derived from bone metastases. In clinical specimens, the level of cadherin-11 expression was found to increase from primary PCa to metastatic disease, especially in bone. In a mouse model of metastasis, intracardiac injection of PC3 cells led to the metastasis of PC3 cells to bone. However, the incidence of PC3 metastasis to bone was reduced greatly when cadherin-11 was knocked down by gene-specific short hairpin RNA (shRNA; ref. 8) . Consistent with our observations, a recent report by Tamura and colleagues (10) also showed that bone-tropic MDA-MB-231 (MDA-MB-231-BO) cells expressed high levels of cadherin-11 compared with that of brain-tropic MDA-MB-231 cells (MDA-MB-231-BR). Furthermore, they showed that the reexpression of cadherin-11 in MDA-MB-231-BR cells led to an increase in the incidence of metastasis to bone (10) . Together, these observations established the role of cadherin-11 in the metastasis of prostate and breast cancer cells to bone.
How cadherin-11 participates in the bone metastasis process remains unclear. Cadherin-11 is a single membranespanning protein with an extracellular domain of five repeats and a conserved cytoplasmic domain (11) . Cadherins have been shown to modulate cancer cell activities. Although the expression of the epithelial cadherin, E-cadherin, leads to the suppression of tumor invasion (12) , the expression of the mesenchymal cadherin, N-cadherin, promotes tumor cell survival, migration, and invasion (13) . Whether cadherin-11 mediates interactions between PCa cells and osteoblasts, and whether the expression of cadherin-11 in PCa cells leads to increases in migration, invasion, proliferation, or survival of PCa cells is unknown.
In this study, we characterized cadherin-11-mediated cellular changes of PCa cells. We found that expression of cadherin-11 enabled PCa cells to intercalate into osteoblasts, and increased the migration and invasion of PCa cells. We also identified the cadherin-11 domains and cadherin-11-mediated gene changes that are involved in modulating these PCa cell activities.
Materials and Methods

Cell lines
C4-2B4 and PC3-mm2 cells were kindly provided by Drs. Robert Sikes (University of Delaware, Newark, DE) and I.J. Fidler (M.D. Anderson Cancer Center, Houston, TX), respectively. All other cells were purchased from the American Type Culture Collection. L-cell/vector, L-cell/cad11, and cad11-Fc were prepared as previously described (14) . Cad11-ΔJMD and cad11-ΔCBS in pCEP4 vector were kindly provided by Dr. Michael Brenner (Brigham and Women's Hospital, Boston, MA). Cad11-Δcyto mutant, with deletion of the entire cytoplasmic domain, was generated by PCR using forward (5′GGATCCCCATGAAGGAGAACTACTGTTTA3′) and reverse (5′GCGGCCGCTTATTTCTTTTGCCTTCT-CAGGGTCAC3′) primers.
Cell spreading assay
Coverslips were coated with various concentrations of protein (cad11-Fc or Fc) for 16 hours at 4°C. After blocking with 1% bovine serum albumin (BSA), 1 × 10 5 cells were plated onto the coverslips and incubated at 37°C for 1 to 6 hours in serum-free medium.
Generation of cadherin-11-expressing C4-2B4 cells C4-2B4 cells containing luciferase and a red fluorescence protein (Tomato; ref. 23 ) was performed as previously described (8) . Cad11-ΔJMD and cad11-ΔCBS in pCEP4 vectors were subcloned into pBMN-I-GFP vectors, which were used to generate retroviruses as previously described (8) . C4-2B4 cells were infected with retrovirus to generate C4-2B4/vector, C4-2B4/cad11, C4-2B4/cad11-ΔJMD, or C4-2B4/cad11-ΔCBS.
Generation of PC3-mm2 knockdown cells
To knock down cadherin-11, PC3-mm2 cells were transduced with the lentivirus containing cadherin-11 shRNA (pLKO34, Sigma-Aldrich) or control nontarget shRNA (Sigma-Aldrich) and selected with 0.8 μg/mL puromycin for 7 days.
Coculture of C4-2B4 cells with osteoblasts
C4-2B4 cells were seeded at 50,000 cells per well on a confluent MC3T3-E1 osteoblast monolayer, incubated at 37°C for 24 hours, fixed with 3.5% paraformaldehyde for 5 minutes, and permeabilized with 0.1% Triton X-100 in PBS. The slides were incubated with mouse anti-human cadherin-11 monoclonal antibody 4B6 in 1:25 dilution overnight at 4°C, followed with Cy3-conjugated donkey anti-mouse secondary antibody (Jackson Immuno Research), mounted with Vectashield mounting medium, and observed with an Olympus microscope or a confocal microscope (Leica Microsystems, Inc.).
Cell migration assay
The migration inserts (Becton Dickinson Labware) were coated with cad11-Fc or Fc (10 μg/mL) overnight at 4°C. PCa cells (3 × 10 4 cells) were seeded in the upper chamber in serum-free RPMI. The lower chamber contained RPMI with 10% fetal bovine serum (FBS). After incubation for 24 hours, the migrated cells in the bottom part of the insert were labeled with calcein AM. Values for migration were expressed as the average of migrated cells per microscope field (×100). Three microscopic fields per insert were counted.
Cell invasion assay
PCa cells (1 × 10 5 cells) were seeded onto the BioCoat Matrigel-coated invasion chamber (BD Bioscience). The lower chamber contained RPMI with 10% FBS. After incubation for 24 hours, cells on the top of the chamber were removed and cells that invaded through the Matrigel were fixed with cold methanol, stained with 4′,6-diamidino-2-phenylindole (DAPI), and counted. Values for invasion were expressed as the average of migrated cells per microscope field (×100). Three microscopic fields per insert membrane were counted.
Immunoprecipitation and Western blot
C4-2B4 cells were lysed in lysis buffer [0.3% NP40, 25 mmol/L Tris, 0.15 mol/L NaCl, and 2 mmol/L EDTA (pH7.4)] containing protease inhibitors. Cell lysates were immunoprecipitated with goat anti-human cadherin-11 antibody (R&D Systems) and Western blotted with anti-human cadherin-11 monoclonal antibody (Zymed), anti-p120 catenin (BD Bioscience), or anti-β-catenin antibody (Cell Signaling). The signals were detected with SuperSignal West Pico (Pierce).
Microarray
Five-hundred nanograms of total RNA was used for cDNA synthesis, followed by amplification and biotin labeling (Illumina, Inc.). Biotinylated cRNAs (1.5 μg) were hybridized to the Illumina HumanHT-12 Beadchip v.3 microarray. The signal was detected with cyanine 3-streptavidine (GE Healthcare) and the bead chips were scanned with an Illumina BeadArray Reader confocal scanner (BeadStation 500GXDW). The microarray data were extracted with Bead Studio 3.6 (Illumina) and normalized using the quantile normalization method in the Linear Models for Microarray Data (LIMMA) package in R language environment. The expression level of each gene was transformed into a log 2 base for analysis. The random variance t test was applied to identify the genes that are significantly different between two groups.
Statistical analyses
Statistical analysis was performed by using Student's t test (two tailed, paired). A P value of <0.05 was considered significant. Data are expressed as the mean ± SD.
Results
Expression of cadherin-11 in PCa cells leads to cell spreading on cad11-Fc-coated plates
To examine the effect of cadherin-11-mediated adhesion on PCa cells, we first examined whether cadherin-11 expression leads to an increase in cell spreading. L-cells that do not express any of the major cadherins were transfected with cadherin-11 expression vector (L-cell/cad11) or a control vector (L-cell/vector). Cells were plated on coverslips coated with cad11-Fc, an Fc fusion protein containing the extracellular domain of cadherin-11 (14) , or with Fc as a negative control. L-cell/vector cells remained in a round shape when plated on either Fc or Cad11-Fc-coated coverslips (Fig. 1A) . In contrast, L-cell/cad11 cells showed a flattened morphology with lamellipodia/filopodia-like projections upon binding to cad11-Fc, but remained in a round shape when plated on Fccoated coverslips (Fig. 1A) . A dose-dependent increase in cell spreading was observed with increasing cad11-Fc on the coverslips (Fig. 1A) . Maximal spreading of L-cell/cad11 to cad11-Fc was observed at a concentration of 20 μg/mL and half-maximal at ∼3 μg/mL. We thus used 10 μg/mL cad11-Fc in our subsequent studies.
To determine if the cadherin-11-mediated spreading also occurs in PCa cells, we transfected C4-2B4 cells (15, 16) , a subline derived from the serial passage of LNCaP PCa cells in mouse under castration condition. Although C4-2B4 cells were derived from bone metastasis, they do not express cadherin-11 possibly due to the androgen receptor status of the cells (17) . We transfected C4-2B4 cells with cadherin-11 expression vector. C4-2B4 cells transfected with vector alone were used as a negative control. Similar to what was observed with L-cell/cad11, binding of C4-2B4/cad11 to cad11-Fc led these cells to exhibit morphologic changes characterized by an increase in lamellipodia/filopodia-like projections (Fig. 1B) . In contrast, these cells remained in a round shape when plated on Fc-coated coverslips. Vector-transfected C4-2B4 cells did not show morphologic changes on either Fc-or cad11-Fc-coated plate (Fig. 1B) . We further examined the spreading of PC3-mm2 cells, which express endogenous cadherin-11, on Fc-or cad11-Fc-coated plates. As shown in Fig. 1C , PC3-mm2 cells exhibited extensive lamellipodia/filopodia-like projections upon seeding onto cad11-Fc, but not to Fc-coated coverslips (Fig. 1C ). These observations show that cadherin-11-mediated interaction induces cell spreading through cadherin-11 homophilic interactions.
Cadherin-11 mediates adhesion between PCa cells and osteoblasts
To study the interactions between cadherin-11-expressing PCa cells and osteoblasts, we first examined the expression Figure 1 . Effect of cadherin-11 on cell spreading. L-cells or C4-2B4 cells transfected with cadherin-11 expression vector or vector only were plated on cad11-Fc-or Fc-coated plates. A, binding of L-cell/cad11 to cad11-Fc leads to a flattened cell shape in a dose-dependent manner. B, binding of C4-2B4/cad11 to cad11-Fc leads to a flattened cell shape and increased lamellipodia or filopodia-like projections. C, PC3-mm2 cells, which express cadherin-11 endogenously, showed a flattened cell shape and increased filopodia-like projections upon binding to cad11-Fc-coated plates.
of cadherin-11 in several osteoblast cell lines, including MC3T3-E1, UMR106, ROS17/2.8, and Saos-2. Western blot analysis showed that UMR106 and ROS17/2.8, which are highly differentiated rat osteoblastic cell lines (18, 19) , express high levels of cadherin-11 ( Fig. 2A) . MC3T3-E1 is an immature but committed osteoblastic cell line (20) that also expresses relatively high levels of cadherin-11. SaOS-2 is an established human osteosarcoma cell line with several osteoblastic features (21) and expresses moderate levels of cadherin-11. Cadherin-11 is absent in uninduced C2C12 cells ( Fig. 2A) . However, upon induction to differentiate into osteoblasts by BMP-2 (22), C2C12 cells expressed high levels of cadherin-11 (Fig. 2B) . Primary mouse osteoblasts (PMO) isolated from mouse calvaria expressed cadherin-11 with a level similar to that in BMP2-induced C2C12 cells (Fig. 2B) . The level of cadherin-11 in PMO was further increased by ∼2-fold when the PMO were cultured in a differentiation medium containing ascorbic acid and β-glycerol phosphate (Fig. 2B) . Immunochemical staining showed that cadherin-11 was localized at the cell-cell junction between the osteoblasts (Fig. 2C) . In a cell-to-substrate adhesion assay, binding of these osteoblast cells to recombinant cad11-Fc correlated with the level of cadherin-11 expression in these cell lines (Fig. 2D) . The osteoblast binding to cad11-Fc was abolished by the addition of EDTA (Fig. 2D) , suggesting the requirement of calcium for homophilic cadherin-11 interactions. Further, UMR and MC3T3-E1 cells are unable to bind to an unrelated cadherin, cadherin-12-Fc (Fig. 2D) . Collectively, these results indicate that cadherin-11 functions as a Ca 2+ -dependent homophilic cell adhesion molecule in the osteoblast cell lines.
Cadherin-11 facilitates the intercalation of PCa cells with osteoblasts
Next, we examined the interactions between cadherin-11-expressing PCa cells and osteoblasts. To test whether cadherin-11 is required for osteoblasts and PCa cells to bind, we transfected the C4-2B4/vector cells with Tomato red fluorescence protein (23) and C4-2B4/cad11 cells with a green fluorescence protein (GFP) as visual markers. C4-2B4/vector or C4-2B4/cad11 cells were mixed with MC3T3-E1 cells in a 2:1 ratio. As shown in Supplementary Fig. S1A , C4-2B4/vector cells and MC3T3-E1 cells attached to the culture plate independently, whereas C4-2B4/cad11 cells attached to MC3T3-E1 cells (Supplementary Fig. S1B ). In addition, C4-2B4/vector cells showed a more rounded morphology compared with that of C4-2B4/cad11 cells, which showed a flatter morphology and exhibited more cellular extensions. These morphologies are similar to the preferential binding of C4-2B4/cad11 cells to cad11-Fc-coated plates observed in Fig. 1 . Figure 2 . Expression of cadherin-11 in osteoblast cell lines. A, Western blotting using monoclonal antibody 5B2H5, which recognizes the cytoplasmic domain of cadherin-11 in a panel of rodent osteoblast cell lines. B, C2C12 cells were treated without or with BMP-2 for 5 d. PMOs, isolated from mouse calvaria, were cultured in the absence or presence of differentiation medium (DM) that contains ascorbic acid and β-glycerol phosphate as described (37) . C, immunocytochemical staining using goat anti-cadherin-11 polyclonal antibody (R&D Systems). DAPI counterstain (blue) was used to visualize DNA. Cadherin-11 (red) was expressed on the cell membrane in areas of cell-cell contact in MC3T3-E1 and UMR cells. Scale bars, 10 μm. D, binding of MC3T3-E1 and UMR cell lines to cadherin-11-Fc-coated, but not to BSA-or cadherin-12-Fc-coated, wells or wells treated with EDTA to block cadherin-11 homophilic interactions.
We further examined the morphology of the GFP-labeled C4-2B4 cells when they were plated on top of a confluent layer of MC3T3-E1 cells. As shown in Fig. 3A , control C4-2B4/ vector cells remained as round cells lying on top of the MC3T3-E1 cell layer. In contrast, the C4-2B4/cad11 cells exhibited extended/spreading morphology upon interacting with the underlying osteoblasts (Fig. 3A) . The extended morphology suggests that C4-2B4 cells may intercalate between the osteoblasts. To further examine such a possibility, we generated a monoclonal anti-cadherin-11 antibody 4B6, which recognizes human cadherin-11 but not mouse cadherin-11 ( Supplementary Fig. S2 ). We immunostained the C4-2B4-cad11/MC3T3E1 coculture with 4B6 antibody and examined the cells by confocal microscopy. In this coculture system, the smaller round nuclei of the PCa cells can be distinguished from the larger, oblong-shaped nuclei of the osteoblasts after DAPI staining (Fig. 3B) . C4-2B4/cad11 cells were found to extend numerous lamellipodia/filopodia, as marked by the anti-human cadherin-11 antibody staining (red), which infiltrated into the confluent osteoblast layer, whereas the nuclei of the C4-2B4/cad11 cells remained positioned on top of the confluent osteoblast layer (Supplementary Fig. S3; Fig. 3B ). In contrast, there was no detectable signal for human cadherin-11 in the control C4-2B4 vector/MC3T3E1 coculture ( Supplementary Fig. S3 ). Together, these observations suggest that cadherin-11 is required for PCa cell and osteoblast interaction and that cadherin-11 promotes filopodial extensions and intercalation of PCa cells with osteoblasts.
Effect of cadherin-11 on the migration of PCa cells
To determine whether cadherin-11 may induce changes in PCa cell motility, cell migration was examined using a Transwell migration assay, in which cell culture inserts were coated with either cad11-Fc or Fc. C4-2B4/cad11 cells exhibited a higher migration rate compared with control C4-2B4/ vector cells when observed in Fc-coated chambers (Fig. 4A) . The migratory activity of C4-2B4/cad11 cells was further increased when cells were seeded in cad11-Fc-coated chambers compared with those in Fc-coated chambers (Fig. 4A) . We also examined the migration rate of PC3-mm2 cells in which the level of endogenous cadherin-11 was reduced by cadherin-11 shRNA (PC3-shcad11; Fig. 4A ). PC3-mm2 transfected with a scrambled shRNA sequence was used as a control (PC3-shcontrol; Fig. 4A) . A higher migration rate occurred when PC3-shcontrol was seeded on cad11-Fc compared with that on Fc-coated chambers (Fig. 4A) . In contrast, knockdown of cadherin-11 expression in PC3-mm2 cells drastically reduced cell migration activity (Fig. 4A) . These results indicate that cadherin-11 expression increases the migration of PCa cells.
Effect of cadherin-11 on the invasion activity of PCa cells
To examine whether the expression of cadherin-11 leads to the increase in cell invasion activity, PCa cells were seeded onto Boyden chambers that were coated with Matrigel. C4-2B4/cad11 cells showed a 10-fold increase in the number of cells that have invaded through the Matrigel when compare with C4-2B4/vector control cells (Fig. 4B) . Similarly, knockdown of cadherin-11 in PC3-mm2 cells (PC3/shcad11) essentially abrogated the invasiveness of PC3-mm2 cells when compared with PC3/shcontrol cells (Fig. 4B) . These results suggest that the expression of cadherin-11 leads to an increase in the invasive activity of PCa cells.
Effect of cadherin-11 on the proliferation, survival, sensitivity to docetaxel treatment, and anchorageindependent growth of PCa cells
We examined whether cadherin-11-mediated interactions between PCa cells and osteoblasts affect PCa cell proliferation, survival, or anchorage-independent growth. We found that C4-2B4 cells overexpressed with cadherin-11 proliferated in a similar manner as the control C4-2B4/vector cells whether these cells were grown on regular tissue culture plates ( Supplementary Fig. S4A, left) or a confluent layer of MC3T3-E1 osteoblast ( Supplementary Fig. S4A, right) .
In the serum starvation and docetaxel treatment survival tests, the overexpression of cadherin-11 did not confer a cell survival advantage over vector-transfected control cells whether these cells were plated on regular tissue culture plates or on a confluent layer of osteoblasts ( Supplementary  Fig. S4B and C) . We also found that expression of cadherin-11 did not alter C4-2B4 colony formation activity in anchorageindependent growth assay compared with that of control C4-2B4/vector cells (Supplementary Fig. S4D ).
Cadherin-11-mediated migration and invasion of PCa cells are dependent on its cytoplasmic domain
Previous studies on E-cadherin have established that p120-catenin and β-catenin bind to the juxtamembrane domain (JMD) and COOH-terminus of E-cadherin (24) (25) (26) (27) , respectively. To examine whether these domains play a role in cadherin-11-mediated cell migration and invasion, C4-2B4 cells were transfected with cadherin-11 mutants containing deletions in the JMD (cad11-ΔJMD) or the COOH-terminus catenin-binding sequence (cad11-ΔCBS; Fig. 5A ). Western blot of total cell lysates showed that these cadherin-11 deletion mutants have decreased apparent molecular weights compared with that of wild-type cadherin-11 (Fig. 5A) . Anti-cadherin-11 antibody-positive proteins with corresponding smaller molecular masses were observed in wild-type and mutant cadherin-11-expressing cells, possibly due to proteolysis. Fluorescence activated cell sorting (FACS) analysis of cells stained with the 4B6 antibody showed a significant fluorescence increase compared with those stained with only secondary antibody, suggesting that both cadherin-11 mutant proteins are expressed on the cell surface (Fig. 5A ). Immunoprecipitation followed with Western blot showed that wild-type cadherin-11 binds to both p120-catenin and β-catenin, whereas Cad11-ΔJMD and Cad11-ΔCBS lost the ability to bind to p120-catenin and β-catenin, respectively (Fig. 5A) .
We examined the effects of JMD and CBS domains on cadherin-11-mediated functions, including spreading, migration, and invasion. C4-2B4 cells expressing either ΔJMD or ΔCBS mutant showed a similar extent of spreading on cad11-Fc compared with cells expressing full-length cadherin-11 ( Fig. 5B) , suggesting that cadherin-11-mediated spreading is not dependent on either the JMD or CBS domain. A cadherin-11 mutant with the deletion of the entire cytoplasmic domain (cad11-Δcyto) was also capable of mediating cell spreading on cad11-Fc ( Supplementary Fig. S5 ), suggesting that cadherin-11-mediated spreading is independent of its cytoplasmic domain. When GFP-labeled cadherin-11 mutant-expressing C4-2B4 cells were seeded onto a confluent layer of MC3T3-E1 osteoblast, both C4-2B4/ΔJMD and C4-2B4/ΔCBS cells exhibited extended spreading morphology upon interacting with the osteoblast layer, whereas control C4-2B4/vector cells remained as round cells (Fig. 5C ). In contrast, deletion of either the JMD or CBS domain abolished cadherin-11-mediated cell migration and invasion (Fig. 5D) . These results suggest that both JMD and CBS domains are involved in the cadherin-11-mediated signal transduction that leads to PCa cell migration and invasion.
Effect of cadherin-11 on gene expression in C4-2B4 cells
Cadherin-11-mediated signal transduction through its cytoplasmic domain likely results in changes in C4-2B4 cell gene expression that modifies cell activities. Gene array analyses comparing the gene expression profiles of C4-2B4/ vector versus C4-2B4/cad11, C4-2B4/ΔJMD, or C4-2B4/ΔCBS showed that a unique set of genes were upregulated or downregulated by the expression of cadherin-11, but not ΔJMD or ΔCBS cadherin-11 mutants (Supplementary Table S1 ; Supplementary Fig. S6 ). When the data were analyzed according to invasion-related genes, IGF-I, MMP7, Rac1, CD9, integrin β2, MMP15, and junction plakoglobin were among the top upregulated genes (Fig. 6A) . Analysis of the gene array data based on migration-related genes showed that myeloid differentiation primary response gene (Myd88) and Notch1 were among those upregulated in addition to the invasion-related genes (Fig. 6B) . These results suggest that the expression of cadherin-11 in PCa cells leads to the upregulation of several invasion-related genes that may result in increased cell invasiveness observed in C4-2B4/ cad11 cells.
Discussion
We previously established that cadherin-11 increases the colonization of PCa cells in bone in an animal model in vivo (8) . In this study, we further elucidated the cadherin-11-mediated cellular activities in PCa cells. We show that the expression of cadherin-11 in PCa cells enables the cells to spread, migrate, and invade, resulting in the enhanced intercalation of PCa cells into a layer of osteoblasts. In addition, the cytoplasmic domain of cadherin-11 plays a critical role in PCa cell migration and invasion, an observation further supported by microarray analyses that suggest that cadherin-11 may activate a signaling pathway to promote these cellular activities. Based on these observations, we propose that cadherin-11 not only provides a physical link between PCa cells and osteoblasts, but also modulates cellular activities that enhance the ability of PCa cells to migrate into and invade the bone environment. Together, these cadherin-11-mediated cellular functions may enhance the colonization of PCa cells in bone.
Cadherin-11 is a mesenchymal cadherin that is mainly expressed in osteoblasts and synovicytes, and at low levels in the lung, testis, and brain tissues (11) . Synovial fibroblasts were found to express cadherin-11 that functions in the organization of the synovial lining layer (28) . Mice lacking functional cadherin-11 exhibit a reduction in bone density (9) . Aberrant expression of cadherin-11 was observed in several cancers of epithelial origin, including breast (29) , gastric (30) , and prostate (8) cancers. Although normal prostate epithelial cells express E-cadherin, cadherin-11 was found to be expressed in PCa cells that have metastasized to the lymph node (4) and bone (8) . Recently, we have identified that androgen depletion is one of the mechanisms that leads to the upregulation of cadherin-11 in PCa (17) . Importantly, our studies show that cadherin-11 expression leads to an increase in cell motility and invasiveness of PCa cells, suggesting that cadherin-11 plays a role in the invasive phenotype of PCa.
That cadherin-11 promotes cell migration has also been reported in other cell types. Cadherin-11 has been shown to modulate migration of vascular smooth muscle cells (31) . In the neuronal system, cadherin-11 activation by immobilized cad11-Fc promotes axonal extension of spinal cord explants (32) . Overexpression of cadherin-11 in transfected L-cells also increases cell motility (33) . In breast cancer cells, overexpression of cadherin-11 in BT-20 cells promotes epithelial cell motility in a manner similar to N-cadherin (34) . Thus, cadherin-11 promotes an increase in mesenchymal cell migration under normal conditions and cells of epithelial origin under pathologic conditions.
Because cadherin-11-mediated cellular migration and invasion are dependent on its cytoplasmic domain, these cellular activities are likely mediated through the activation of intracellular signal pathways. Most of the studies on cadherin signaling have been focused on E-cadherin. Although both E-cadherin and cadherin-11 bind to p120 and β-catenin, they have fundamental differences in their functions. E-cadherin suppresses the invasiveness of tumor cells (12, 35, 36) . However, cadherin-11 is associated with an invasive phenotype. The cytoplasmic domains of E-cadherin and cadherin-11 have only 49% similarity (data not shown). This raisesthe possibility that the differences in cellular functions are due to the recruitment of additional unique proteins. Cadherin-11 likely interacts with a unique set of proteins to modulate cellular activities that promote the invasive phenotype of PCa cells. By microarray analyses, we found that several genes known to be involved in cell motility and invasiveness were increased in C4-2B4/cad11 when compared with C4-2B4/vector cells (Fig. 6 ). Functional analysis of these cadherin-11-regulated genes will provide insights into its mechanism of action.
Metastasis to bone is a lethal progression of PCa. Our study elucidated that cadherin-11 plays a critical role in one of the earliest metastasis steps, that is, spreading, migration, and invasion, toward PCa metastasis to bone. We suggest that the atypical expression of cadherin-11 under pathologic conditions activates new signal pathways to enhance the metastasis of PCa cells to bone. Whether cadherin-11 interacts with unique proteins and how cadherin-11 signals to increase cell migration and invasion in PCa remain to be explored.
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